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Quantum magnets display a wide variety of collective excitations, including spin waves (magnons),
coherent singlet-triplet excitations (triplons), and pairs of fractional spins (spinons). These modes
differ radically in nature and properties, and in all conventional analyses any given material is
interpreted in terms of only one type. We report inelastic neutron scattering measurements on the
spin-1/2 antiferromagnet SeCuO3, which demonstrate that this compound exhibits all three primary
types of spin excitation. Cu1 sites form strongly bound dimers while Cu2 sites form a network of spin
chains, whose weak three-dimensional (3D) coupling induces antiferromagnetic order. We perform
quantitative modeling to extract all of the relevant magnetic interactions and show that magnons
of the Cu2 system give a lower bound to the spinon continua, while the Cu1 system hosts a band of
high-energy triplons at the same time as frustrating the 3D network.
The exotic collective excitations observed in magnetic
materials emerge from the rich spectrum of possible ef-
fects when quantum spin fluctuations act in different ge-
ometries, dimensionalities, and with different degrees of
frustration. When fluctuations push the system beyond
robust magnetic order and textbook spin waves, common
types of excitation include triplons arising from struc-
tural dimerization [1–3] and frustration [4], bound states
of magnons and triplons [5–8], and fractions of them,
which include spinons [2, 9, 10], solitons [11, 12], Majo-
rana quasiparticles [13–15], and other topological objects.
In all of these situations, the system is normally analyzed
in terms of just one type of excitation, and detailed the-
oretical and numerical approaches have been developed
for comparison with experiment.
However, an often overlooked category is the set of
quantum magnets in which magnetic order is present only
as a rather thin veneer on a “background” dominated
by quantum fluctuations. While the Bragg peaks and
magnons of the ordered spin component tend to dominate
the measured experimental response, no rule states that
the remaining spin fluctuations should be incoherent.
The field- [16] and pressure-induced [17] quantum phase
transitions of TlCuCl3 provide an example of arbitrarily
weak antiferromagnetic order superposed on a fluctuating
dimer system with triplon excitations. In KCuF3, weak
coupling of the spin chains produces magnetic order su-
perposed on a system of spinons, which is revealed at
high energy [18]. Candidate spinon excitations have also
been found to coexist with square-lattice antiferromag-
netism [19], and many low-dimensional metal-organic
systems provide the possibility of controling this coexis-
tence [20]. A structural route to the same phenomena is
provided by the spin-tetrahedron material Cu2Te2O5X2
(X = Cl, Br) [21], where the magnetic response is dom-
inated by the non-ordered spins [22], a situation antic-
ipated in theory [23], and incommensurate magnetism
[24] coexists with anomalous coupled-cluster excitations
[25]. Efforts have been made to tune both components
by doping and pressure in Cu2Te2O5BrxCl1−x [26], while
similar coupled-cluster physics has been pursued in the
compounds Cu3(TeO3)2Br2 [27], Cu4OCl6daca4 [28], and
Cu4Te5O12Cl4 [29].
In this Letter, we investigate the coexistence of mul-
tiple excitation types by an inelastic neutron scatter-
ing (INS) study of SeCuO3. This compound displays
both quasi-localized high-energy states and weak mag-
netic order at low temperatures. We demonstrate that
the excitation spectrum has one triplon branch, dispers-
ing weakly around 27 meV, and a magnon-like branch be-
low 4 meV, whose associated scattering intensity shows
the clear fingerprints of spinon continua. By model cal-
culations using linear spin-wave theory and perturba-
tive methods, we deduce the interaction parameters of a
minimal magnetic Hamiltonian, allowing us to describe
SeCuO3 in terms of two mutually but weakly interact-
ing spin subsystems, namely dimers and chains, each of
which shapes the magnetic excitations of the other.
The S = 1/2 quantum magnet SeCuO3 [30] has a
monoclinic unit cell with space group P21/n and lat-
tice parameters a = 7.71 A˚, b = 8.24 A˚, c = 8.50 A˚,
and β = 99.12◦. Two crystallographically inequivalent
Cu sites, Cu1 and Cu2, are each surrounded by six O
atoms, forming CuO4 plaquettes, with the remaining two
O atoms forming the elongated octahedra represented for
the Cu2 atoms in Fig. 1(a). This elongation favors the
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2Figure 1. (a) Schematic representation of the atomic structure of SeCuO3, showing Cu1 (orange), Cu2 (blue), Se (green), and
O (pink) atoms. (b) Projection on the ac and (c) on the ab plane, indicating the magnetic interactions {Jm} defined in Eq. (1).
(d) Geometry of the effective interactions mediated between Cu2 atoms by the Cu1 dimer units; Jα and Jβ are given in terms
of the two different Cu1-Cu2 interactions, J
γ
12 (pink and green), and the dimer interaction, JD (black), by Eq. (3).
dx2−y2 orbitals, ensuring strong Cu1 dimer units (orange
shading in Fig. 1) of edge-sharing plaquettes whose su-
perexchange paths have a Cu1–O–Cu1 angle of 101.9
◦
[31]. Including the Cu2 dx2−y2 orbitals led to the pro-
posal of a weakly coupled network of linear (Cu2–Cu1–
Cu1–Cu2) tetramers with a singlet ground state [31], but
this scenario cannot explain the magnetic susceptibility
below 90 K. Recent nuclear quadrupole resonance (NQR)
measurements have confirmed the formation of singlet
states at T . 200 K [32], and together with nuclear mag-
netic resonance (NMR), electron spin resonance (ESR),
and torque magnetometry experiments [33, 34] have been
interpreted as reflecting two essentially decoupled subsys-
tems, the strong, local Cu1 dimers and weakly coupled
Cu2 spins hosting magnetic order below TN = 8 K.
To access the full spin dynamics of SeCuO3, we grew a
1 g single-crystal sample by a chemical vapor transport
method. Thermal neutron INS measurements were per-
formed on the IN8 spectrometer (ILL [35]) to probe the
(hkh) scattering plane. The low-energy dynamics were
studied on the cold-neutron spectrometers ThALES (ILL
[36]) and 4F1 (LLB), the latter experiment probing the
(hkh¯) scattering plane. Full details of the instrumental
set-ups employed are provided in Sec. S1 of the Supple-
mental Material (SM) [37]. The measured intensities,
I(q, ω), are directly proportional to the dynamical struc-
ture factor, S(q, ω), for scattering processes at momen-
tum transfer q and energy transfer ω.
We begin in Fig. 2 by presenting the high-energy dy-
namics of SeCuO3 as measured on IN8. We obtained
I(q, ω) for constant q points along two orthogonal high-
symmetry directions. At 2 K, each energy scan [Fig. 2(a)]
has a resolution-limited peak that we fit with a Gaus-
sian at all q points to extract a weak dispersion around
26.5 meV [Fig. 2(b)], with smooth changes in intensity
[Fig. 2(c)]. At 15 K, a temperature above TN , the peak
shows only a minimal downward shift and slightly in-
creased broadening [Fig. 2(a)]. Figures 2(d)-2(f) confirm
that this mode persists until a temperature of at least
120 K, i.e. far beyond TN , and that its width is captured
by the Lorentzian component of a Voigt line shape.
The weak q-dependence of this excitation indicates
its nature as a near-localized triplon of the Cu1 dimers,
whose energy is given by JD in Fig. 1. Its Lorentzian
width increases linearly with temperature until a value of
4 meV [Figs. 2(d) and 2(e)], which as we will see reflects
the coupling to the low-lying excitations of the Cu2 sub-
system. However, the primary thermal effect is indeed a
“local” one, as shown in Fig. 2(f) by comparing the mode
amplitude with the probability, [1+3 exp(−JD/kBT )]−1,
of finding a JD dimer in its singlet state at temperature
T . These matching trends further confirm the triplon
nature of the high-energy excitation.
Turning to the low-energy dynamics measured at 2
K on ThALES and 4F1, representative background-
subtracted constant-q ω scans are shown in Fig. 3. A
strong low-energy mode is present at all q, but a con-
tinuum of scattering states persists above this feature,
at least up to the highest measured energy of 4.5 meV.
To visualize this continuum scattering, we present our
intensity data as color maps in Fig. 4, and note that it
appears in all three dimensions of reciprocal space. We
return below to a detailed discussion of this continuum.
For a systematic analysis of the low-energy response,
we perform a Gaussian fit to the peak at the lower edge of
the continuum (Fig. 3) to collect two separate intensity
contributions, Ip from the Gaussian and Ic from the ex-
cess scattering at all higher energies. The upper panels of
Fig. 4 show the values of Ip(q) and Ic(q) extracted from
74 energy scans taken along five high-symmetry direc-
tions. In the lower panels we observe a well-defined band
with a maximum of 4 meV and a small gap, ∆ = 0.42(3)
meV, where Ip(q) becomes large due to the magnetic
order. A complementary view focusing on the magnon
peak positions is provided in Fig. S1 of the SM [37].
We expect that, with the exception of a term opening
the gap, the minimal magnetic Hamiltonian contains only
Heisenberg interactions between near-neighbor spins in
all directions, and thus takes the form
Hˆ = JD
∑
〈i1,j1〉
Sˆi1·Sˆj1+
∑
〈i1,i2〉,γ
Jγ12Sˆi1·Sˆi2 +
∑
[i2,j2]m
Jm Sˆi2·Sˆj2 . (1)
3Figure 2. Triplon excitation. (a) Intensity, I(ω), at
q = (0.5 3 0.5), measured at low (blue) and intermediate
(red) temperatures with the difference shown in black. (b)
Dispersion, ω(q), of the triplon in two orthogonal q directions;
shading represents the width (FWHM) of the mode at each q
point. (c) Integrated intensity, I(q), for the same directions.
(d)-(f) Thermal evolution at q = (3 0 0). (d) Lorentzian
width, ΓL (red), compared to kBT (blue). (e) ω(q, T ); shad-
ing indicates the instrumental resolution of 1.8(2) meV (red)
and the Lorentzian profile (blue). (f) Normalized I(q) in red
compared with the thermal singlet population (blue).
Here i1 and j1 denote Cu1 sites and i2 and j2 Cu2 sites,
〈. . . 〉 denotes a sum restricted to nearest-neighbor bonds
and [. . . ]m a sum over bonds in the set {Jm}. Having
interpreted the high-energy response as a triplon of the
Cu1 subsystem with JD = 26.5 meV, we build up our
knowledge of the terms in Eq. (1) by next describing the
low-energy response as a consequence of the decoupled
Cu2 subsystem, i.e. by neglecting the second term.
For this we seek a set of interaction parameters that,
used in an effective Hamiltonian of the same form as the
last term of Eq. (1), reproduces the magnon dispersions
and intensities in Fig. 4. As shown in Fig. 1, we allow
both near-neighbor couplings, {Jm}, and long-distance
“effective” couplings, {Jγ}, over paths that include the
polyhedra of other Cu atoms. We fit ω(q) using linear
spin-wave (LSW) theory, as implemented in the SpinW
package [38], obtaining an excellent account of the INS
peak positions when the interaction parameters of Fig. 1
have the values reported in Table I. The fit contains two
magnon branches, one of which has over 90% of the in-
Figure 3. Magnon peak and scattering continua. I(ω)
at the three different q points. Measured data (red points)
are fitted by a Gaussian peak (blue line) at the lower edge
and a scattering continuum (blue shading) at higher energies.
tensity in our measurements. The LSW theory delivers
a very accurate account of the peak intensity, Ip(q), of
the strong branch with no further fitting, as shown in
Fig. 4, although it underestimates the intensity of the
weak branch (Sec. S2 of the SM [37]).
These interactions define a magnetic lattice composed
of Cu2 chains aligned in the (a−c) direction, whose in-
trinsic energy scale, J‖, exceeds by a factor of 10 all the
interchain couplings. From Fig. 1(a), J‖ connects Cu2
spins through the SeO3 tetrahedra, a superexchange path
that has not so far been considered. This coupled-chain
character provides an immediate indication for the origin
of the continuum scattering in Figs. 3 and 4 as the break-
up of ∆S = 1 spin excitations into fractional objects at
energies beyond their confinement scale. The four ad-
ditional Cu2 interactions ensure both strong interchain
frustration in all three directions and the weak magnetic
order at T < TN . The small magnon gap can be re-
produced by adding a tiny anisotropic exchange term,
δJzz‖ = 0.018 meV, to J‖, which has negligible influence
on the dynamics away from the zone center.
Thus we have interpreted the excitation spectrum at
the level of two independent subsystems. To restore the
effects of the coupling between Cu1 and Cu2 atoms, with-
out which the triplon measured in Fig. 2 would be non-
dispersive, we turn to the second term of Eq. (1). The
complete set of interactions between the Cu2 atoms given
in Table I is required to fit the dispersion data of Fig. 4 in
multiple reciprocal-space directions. However, it includes
not only the near-neighbor couplings J‖, J⊥, and Jb, but
Table I. Superexchange interaction parameters between Cu2
sites, in meV, required to fit the dispersion and intensity data
of Fig. 4 using LSW theory. The geometry of these interac-
tions is shown in Figs. 1(b) and 1(c).
JD J‖ J⊥ Jb Jα Jβ
26.5(6) 3.39(13) 0.39(3) −0.19(2) 0.34(2) 0.35(2)
4Figure 4. Magnon spectra. Colored panels show the scattering intensity, S(q, ω), for five different q directions. Grey
lines show the two spin-wave branches in the model fit to the lower peak of Fig. 3, one of which (dashed line) has vanishing
intensity. Upper panels show the integrated intensities, I(q), of the measured spin-wave contribution (Ip(q), red points) and
the continuum contribution (Ic(q), green points), taken respectively from the peak and shaded areas in Fig. 3; black lines are
modeled spin-wave intensities. In the panel at right, the intensity is a sum of two modes.
also the couplings Jα and Jβ whose long superexchange
paths proceed directly across the Cu1–Cu1 dimer (Fig. 1);
as a result, in a self-consistent model, these should be ef-
fective couplings arising as a consequence of JD and of
two Cu1-Cu2 coupling parameters, J
γ
12 [Fig. 1(d)].
To estimate Jγ12, we perform a perturbative analysis of
the two four-site units shown in Fig. 1(d), each of which
has Hamiltonian
Hˆt = Jγ12
(
Sˆ12 ·Sˆ21 + Sˆ31 ·Sˆ42
)
+ JD Sˆ21 ·Sˆ31 . (2)
The ground state in the limit JD  Jγ12, |Φ0〉 = |s1〉 ⊗
|s2〉, is the product of two singlets on each pair of Cu1 and
Cu2 sites. As shown in detail in Sec. S3 of the SM [37], in
the three lowest excited states the Cu1 dimer remains in
a non-magnetic singlet while the Cu2 spins form a triplet,
|tl2〉, with l = +, 0,−. The effective coupling between the
two Cu2 atoms is given by the energy difference between
the ground and lowest excited states,
Jγ = J
γ
12
2
+
1
4
[3(Jγ12)
2 − 2JDJγ12]√
J2D + (J
γ
12)
2
JDJγ12−−−−−→ 3
4
(Jγ12)
2
JD
. (3)
From the fitted values of the effective couplings Jα and
Jβ (Table I), we deduce the microscopic coupling param-
eters to be Jα12 = 3.47 meV and J
β
12 = 3.52 meV.
Although these values are large compared to the cou-
plings in the Cu2 subsystem (Table I), their real effect on
the spin dynamics is strongly suppressed by JD [Eq. (3)].
Values of order 3-4 meV are consistent with the width,
ΓL, of the triplon at high temperatures [Fig. 2(d)], which
indicates its coupling to incoherent excitations. The per-
turbative treatment of Eq. (3) is the opposite limit to the
LSW approach, providing upper bounds for the Jγ12 val-
ues, and thus it is not meaningful to use these in an LSW
description of the full system of Cu1 and Cu2 atoms. The
extent of the quantum-fluctuation corrections (to LSW)
in SeCuO3 can be gauged from the magnetic order on the
Cu2 sublattice, which despite its 3D nature is µ2 < 0.8µB
[32]. The interactions Jγ12 induce order on the Cu1 sub-
lattice, although µ1 ≈ 0.35µB is very weak even at the
lowest temperatures, and hence a full description lies well
beyond the LSW approximation. The relative canting of
the µ1 and µ2 moment directions [31] and the observed
intensity transfer to the weak magnon branch in Fig. 4
(Sec. S2 of the SM [37]), suggest the physical effects of
terms omitted in the minimal model of Eq. (1).
We return now to the most unexpected feature of our
INS data, the strong continuum scattering observed di-
rectly above the magnon peaks in Figs. 3 and 4. Inter-
preting this as deconfined spinons requires the definitive
exclusion of alternative origins. Continuum scattering
above a one-magnon band arises naturally due to multi-
magnon processes, was observed long ago in 3D antifer-
Table II. Integrated peak intensity, Ip, and continuum inten-
sity, Ic, averaged along four high-symmetry directions. The
lower row presents the LSW theoretical result for the spin
reduction, ∆S2 = 0.13, measured [32] on the Cu2 sublattice.
Direction Ip Ic κmin
(0K0) 133(5) 99 0.85(4)
( 1
2
K 1
2
) 85(4) 56 0.65(4)
(H2H) 90(4) 61 0.69(4)
(H3H) 98(4) 125 1.28(4)
∆S2 = 0.13 0.47 0.15 0.32
5romagnets [39], and was characterized in detail for the
2D S = 5/2 antiferromagnet Rb2MnF4 [40]. In this sit-
uation, the ratio of the integrated intensities, Ip in the
one-magnon sector and Ic in the putative multi-magnon
sector (Fig. 4), cannot exceed a well-defined limit. In Ta-
ble II we average both quantities along four q directions,
noting that our measured energy range may not capture
the upper edge of the continuum (Fig. 3), and hence the
ratio κmin = Ic/Ip gives a lower bound.
We find that Ic is of the same order as Ip, making
their ratio far greater than those found in multimagnon
scattering studies [39, 40]. The LSW prediction for this
ratio can be deduced from the spin reduction (quantum
fluctuation renormalization) measured [32] on the Cu2
sublattice, and as Table II makes clear the data exclude
any straightforward multimagnon origin. Further, the
gap in the one-magnon spectrum implies a gap between
the one- and multi-magnon contributions, as encountered
in Ref. [40], whereas Figs. 3 and 4 exclude such a gap with
even a fraction the size of the measured ∆.
Thus we conclude that the most plausible origin for the
observed continuum scattering is spinons. More specif-
ically, the strong quantum corrections of the chain-like
S = 1/2 Cu2 system do permit a deconfinement of
spinons at energies above the one-magnon band; how-
ever, the frustrating interchain interactions, which allow
this spinonic character in a system with magnetic or-
der, mean that the resulting continua (Fig. 4) are far
from the familiar single-chain form. The problem of
partially confined spinons has recently received consider-
able attention in some of the paradigm Heisenberg mod-
els within frustrated quantum magnetism [41–44], and
SeCuO3 presents a materials example of this complex sit-
uation. While a detailed analysis lies beyond the scope of
the present study, the locations of continuum scattering
in Fig. 4 and the values of κmin in Table II will provide
essential input for a complete theoretical description.
To conclude, we have investigated a member of the
class of coupled-cluster, multi-subsystem quantum mag-
netic materials in which magnon, triplon, and spinon
excitations are present simultaneously. In SeCuO3, the
clusters are strong Cu1 dimers and the second sublat-
tice, Cu2, is a network of spin chains on which weak
magnetic order appears below TN = 8 K. By neutron
spectroscopy we have determined not only the intra-
sublattice interactions but also the Cu1-Cu2 interactions
that make the Cu1 triplon mode weakly dispersive, in-
duce small Cu1 moments, and create frustrating interac-
tions in the Cu2 sublattice, which contribute to the emer-
gence of spinon continua above the magnons. From our
results, SeCuO3 encapsulates the challenge of describing
the coherent quantum correlations that in many systems
lie beneath veneer of magnetic order, mandating an in-
tegrated theoretical treatment of how these correlations
lead to all three coexisting excitation types.
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S1. Experimental Details
The sample was mounted on an Al holder, using Laue x-ray backscattering to orient it in the (hkh) scattering plane.
Thermal neutron measurements on IN8 used a final neutron wave vector of 2.66 A˚−1 and the energy resolution at
ω = 27 meV was 1.8(2) meV (FWHM). In the cold neutron measurements on ThALES and 4F1, the final neutron
wave vector was 1.55 A˚−1 and the resolution at ω = 5 meV was 0.19(5) meV in both cases; both experiments used
a PG(002) monochromator and analyzer, and a Be filter placed after the sample to remove higher-order scattering
processes. The crystal was reoriented in the (hkh¯) scattering plane for the 4F1 experiment. Counting times in the
ThALES experiment were 5 minutes per q-point and on 4F1 3 minutes per point (Figs. 3 and 4 of the main text).
On IN8, each q-point at temperatures T ≤ 15 K was measured for 4 minutes [Figs. 2(a-c)], whereas one measurement
during the studies of temperature-dependence lasted for 30 s [Figs. 2(d-f)]. The measured intensities, I(q, ω), can be
regarded as S(q, ω) integrated over the resolution functions of each instrument.
S2. Magnon dynamics
Here we present the low-energy dynamics of SeCuO3 in a form focusing on the results of our magnon fits. The
magnon positions were extracted from Gaussian fits to the strong lower-edge peak observed in constant-q cuts through
Figure S1. (upper panels) Integrated intensities, Ip(q) of the measured spin-wave contribution (red points) and Ic(q) of the
continuum contribution (green points); black lines are spin-wave intensities modeled using SpinW. In the panel at right, the
intensity is a sum of two modes. (lower panels) Dispersion of the measured spin waves, taken from the peak centers (red
points), with shading indicating the instrumental resolution. Black lines show the two spin-wave branches in the model fit, one
of which has zero intensity.
8the measured I(q, ω), as shown in Fig. 3 of the main text. The results shown in Fig. S1 were obtained from 74 q points
along five different reciprocal-space directions. The fits shown by the black lines in the lower panels were obtained
from linear spin-wave theory using the package SpinW, with the optimal input parameters being the geometry and
values specified in Fig. 1 and Table I of the main text. These fits provide two magnon branches, only one of which
accounts for the positions of the strong peaks observed in Fig. 3 of the main text.
The black lines in the upper panels show the q-dependent intensities of the strong magnon branch given by SpinW
with no additional refinement. In the LSW treatment, the second branch has only a very low [O(0.1%)] intensity.
By contrast, the weak second-branch intensities in Fig. 4 of the main text are in general 1-5% of the main-branch
intensity, rising to 10% at some q points. The low intensity of this branch suggests a weak coupling of two quasi-
independent magnetic sublattices, and the discrepancy suggests further that the magnetic Hamiltonian of SeCuO3
contains additional terms coupling these sublattices that have been neglected in Eq. (1) of the main text.
S3. Four-site model
Starting from the Heisenberg Hamiltonian of the four-spin system described by Eq. (2) of the main text, the
ground-state and lowest-lying excited energies obtained by diagonalization in the 16×16 Hilbert space are
E0 =
1
4
(
− JD − 2Jγ12 − 2
√
J2D − 2JDJγ12 + 4(Jγ12)2
)
, E1 =
1
4
(
− JD − 2
√
J2D + (J
γ
12)
2
)
, (S1)
with corresponding eigenstates
|Φ0〉 = |↑↑↓↓〉 −A |↑↓↑↓〉+B |↑↓↓↑〉+B |↓↑↑↓〉 −A |↓↑↓↑〉+ |↓↓↑↑〉 ,
|Φ−1 〉 = − |↑↓↓↓〉+ C |↓↑↓↓〉 − C |↓↓↑↓〉+ |↓↓↓↑〉 ,
|Φ01〉 = − |↑↑↓↓〉+D |↑↓↑↓〉 −D |↓↑↓↑〉+ |↓↓↑↑〉 ,
|Φ+1 〉 = − |↑↑↑↓〉+ C |↑↑↓↑〉 − C |↑↓↑↑〉+ |↓↑↑↑〉 ,
(S2)
in which the coefficients are given by
A =
2Jγ12 +
√
J2D − 2JDJγ12 + 4(Jγ12)2
JD
, C =
JD +
√
J2D + (J
γ
12)
2
J12
,
B =
2Jγ12
(
2Jγ12 +
√
J2D − 2JDJγ12 + 4(Jγ12)2
)
JD
(
JD +
√
J2D − 2JDJγ12 + 4(Jγ12)2
) , D = Jγ12 +√J2D + (Jγ12)2
JD
.
(S3)
In the limit of strong coupling on the Cu1 dimer (JD  Jγ12), it is easy to see that A,D → 1, B → 0, and C  1.
The eigenstates may then be reexpressed as
|Φ0〉 = |↑↑↓↓〉 − |↑↓↑↓〉+ |↓↓↑↑〉 − |↓↑↓↑〉 = |s1〉 ⊗ |s2〉 ,
|Φ−1 〉 = |↓↓↓↑〉 − |↑↓↓↓〉+ C (|↓↑↓↓〉 − |↓↓↑↓〉) = C |s1〉 ⊗ |t−2 〉 − |s2〉 ⊗ |t−1 〉 ,
|Φ01〉 = |↑↓↑↓〉 − |↑↑↓↓〉+ |↓↓↑↑〉 − |↓↑↓↑〉 = − |s1〉 ⊗ |t02〉 ,
|Φ+1 〉 = |↓↑↑↑〉 − |↑↑↑↓〉+ C (|↑↑↓↑〉 − |↑↓↑↑〉) = C |s1〉 ⊗ |t+2 〉 − |t+1 〉 ⊗ |s2〉 ,
(S4)
where on the right side we have introduced a singlet-triplet notation. Thus we use the energy difference E1 − E0
in Eq. (S1) to deduce Eq. (3) of the main text and we use Eq. (S4) to demonstrate that, as a singlet-triplet energy
separation on the two Cu2 sites, it corresponds in the limit of strong JD to an effective magnetic interaction between
these sites.
